Intermediate-energy heavy-ion collisions can produce a spin polarization of the projectile-like species. Spin polarization has been observed for both nucleon removal and nucleon pickup processes.
INTRODUCTION
Nuclear spin polarization is a necessary condition for many types of physics experiments including studies of nuclear structure, nuclear reactions, fundamental interactions, and condensed matter physics. Many of these experiments require the polarization of radioactive ion beams (RIBs). For example, ground state nuclear magnetic dipole (µ) and electric quadrupole moments (Q) are critical in the study of nuclear structure, especially as one moves away from the valley of stability. Currently, the best reach for such measurements has been demonstrated by RIBs polarized in fragmentation reactions.
Quenched magnetic moment values are observed for the extremely neutron-deficient nuclei 9 C and 57 Cu. The small µ value of the proton drip line nucleus 9 C (S p =1.3 MeV) leads to a large deviation of the deduced isoscaler expectation value σ for the 9 Li-9 C mirror pair when compared to observed trends for T = 1/2 nuclei [1] . Shell model calculations were shown to better reproduce σ when isospin mixing was included [2] . Intruder mixing with the ground state of 9 C caused by proton shell quenching may also account for the deviant µ value [3] . 57 Cu represents the heaviest T z = −1/2 nuclide with a known µ value. The magnetic moment is smaller than predicted in shell model calculations that assume 56 Ni is a good doubly-magic nucleus [4] .
The quadrupole moments of the B isotopes also provide evidence for changes in nuclear structure. Q( 8 B) was found to be twice as large as expected from shell model calculations [5] . The larger Q was considered evidence of a proton halo covering a neutron core. Near the neutron drip line, the experimental Q moments for odd-mass 13 B, 15 B, and 17 B were found to be nearly constant, independent of neutron number [6] . The calculated Q obtained with standard values of effective charges overpredict the experimental Q for 15 B and 17 B
isotopes. The result reveals that both proton and neutron quadrupole polarization charges may be reduced near the neutron drip line [7] .
From these examples, it is apparent that moment measurements play an important role in nuclear structure studies. As stated earlier, in order to perform any moment measurement, the nuclei must be spin polarized. There is a strong dependence of polarization on the momentum of the fragment nucleus, therefore, it is crucial to know the magnitude of polarization prior to the experiment. While fragmentation reactions are key in producing exotic nuclei, these nuclei come with low rates. A figure of merit for measurements involving polarization is P 2 Y , where P represents polarization and Y is yield. The optimization of polarization with yield is important. Improvements in yield will come with the development of new RIB facilities, but while yields are small, the ability to accurately predict the expected polarization is required for experimental success. Broader applications for the polarized beams will be achieved with new RIB facilities, but at the same time, better predictive power is needed.
In general, the spin orientation of an ensemble of quantum states is usually specified by a statistical tensor [8] . The tensor can be denoted by ρ kq (I), where I is the spin of the state and k, the rank of the statistical tensor, takes the values k = 0, 1, 2, ...2I if I is an integer, and k = 0, 1, 2, ...2I − 1 if I is half-integer. q takes integer values between −k and +k.
The statistical tensor is related to the distribution of magnetic substates with respect to a chosen coordinate frame. It is usually possible to specify the magnetic substate distribution by the populations P (m) of the 2I + 1 m-substates, where it is assumed that the P (m) are normalized so that P (m) = 1.
For an m-state distribution with axial symmetry, only the q = 0 components of ρ kq (I) are non-zero. Spin polarization is defined in terms of the k = 1 statistical tensor, denoted ρ 10 , relative to its value for maximum polarization. Specifically,
and ρ max 10 (I) = −I
so the spin polarization is
Thus, spin polarization is a measure of the orientation of the total angular momentum relative to a fixed axis.
Spin polarization of projectile-like residues from intermediate-energy heavy-ion reactions was first observed at RIKEN [9] . Fragments detected at small angles with respect to the normal beam axis were shown to have a polarized spin in the low-intensity wings of the momentum distribution. A qualitative description of the polarization mechanism was found in a model that considers conservation of linear and angular momentum, and assumes peripheral interactions between the fast projectile and target. Fig. 1 presents a schematic of the expected polarization and yield for the nucleon removal process for fragmentation of a projectile on a heavy target. A systematic study of the spin polarization following fewnucleon removal from light projectiles as a function of energy and target was completed by
Okuno et al. [10] . This study demonstrated that the relation between the outgoing fragment momentum and sign of spin polarization depended on the mean deflection angle,θ def .
Near-side reactions occur for high-Z targets, where the Coulomb deflection will dominate the internuclear potential between projectile and target, giving the polarization dependence shown in Fig. 1 . The nucleon-nucleon potential energy governs removal reactions on low-Z targets. Far-side reactions prevail in this case, and the sign of the observed polarization is reversed. The spin polarization has a near-zero value at the peak of the fragment yield curve for both near-and far-side dominated reactions, since |θ def | is large. This behavior can be qualitively understood from the projectile rest-frame diagram in A Monte Carlo code was developed [10] based on the ideas discussed above to simulate the spin polarization generated in nucleon removal reactions at intermediate energies.
The general behavior of the spin polarization as a function of projectile-like momentum was achieved, although a scaling factor of 0.25 was needed to reproduce the magnitude of polarization observed experimentally.
Spin polarization via nucleon pickup reactions at intermediate energies was first demonstrated at NSCL [11] . Positive spin polarization was determined for 37 K species collected at small angles in the reaction of 36 Ar projectiles on a 9 Be target at 150 MeV/nucleon. to understanding the observed spin polarization in the pickup process is that the picked-up nucleon must have an average momentum equal to the Fermi momentum oriented parallel to the beam direction. Souliotis et al. [12] reached this conclusion from the observed shifts in the centroids of the momentum distributions for one and two-nucleon pickup products. The average projectile-like momentum < p > was found to satisfy the relation < p >=< p p > + < p t >, with < p p > the average momentum of the incident particle and < p t > the average momentum of the picked up nucleon equal to the Fermi momentum.
In the rest frame of the projectile-like species, the momentum of the picked-up nucleon will be antiparallel to the incoming projectile momentum.
The z-component of orbital angular momentum induced by the nucleon pickup process is ℓ z = R∆p, assuming a peripheral interaction where the nucleon is picked up to a localized position on the projectile given by R in Fig. 2 . The spin polarization will be zero when the momentum of the picked-up nucleon matches the momentum of the incoming projectile (∆p = 0). The zero crossing occurs at the projectile-like momentum p = [(
where A p and p p are the mass number and momentum of the projectile, respectively. A linear increase in ℓ z is expected with a decrease in the momentum of the outgoing pickup product. Groh et al. [11] found that proton pickup reactions follow the trend shown in Fig.   2 , except for the low momentum side of the momentum distribution. At low momentum values of the pickup products, the matching conditions for pickup will no longer be satisfied, and the spin polarization is observed to rapidly approach zero.
Turzó et al. showed that neutron pickup reactions at intermediate energies behave in a similar manner [13] . They extended the Monte Carlo simulation of Ref. [10] to include nucleon pickup and the momentum considerations discussed by Groh et al. [11] . 
Location of Nucleon Abrasion
One shortcoming of the original simulation code was that the projectile-target interaction was one-sided. We have adopted an absolute coordinate system to maintain the correct relationship between the sign of the polarization, the emission angle of the fragment, and the momentum of the fragment. Interactions between projectile and target are permitted in the reaction plane, on both "sides" of the target, as shown in Fig. 3 . The coordinate system is defined as follows. Positive y is the beam direction, positive x is defined to the right of the target relative to the beam direction, and positive z is perpendicular to the scattering plane forming a right-handed coordinate system. Positive angles are defined to the left of the y-axis, or toward negative x. For left-sided interactions, a near-side(far-side) collision will scatter to the left(right), or to positive(negative) angles. For the interactions on the right side of the target, a near(far)-side interaction must scatter to the defined negative(positive) angles, thus the signs of the mean deflection angles are changed for these events.
One of the fundamental phenomena in fragmentation reactions related to polarization is that no fragment spin polarization is observed when the mean fragment angle, θ L , is zero degrees [14] . Shown in Fig. 4 is the calculated polarization for 109. ensuring that the offset Y value remains in the overlap region.
Distribution of Deflection Angles
The mean deflection angleθ def is calculated by way of numerical integration. Required input parameters are the Z and A of both projectile and target, the energy of the projectile, the distance of closest approach, r min , and the real part of the optical model potential for the nucleus-nucleus interaction, V 0 . The relations of Gossett et al. [15] are used to determine
In the original incarnation of the simulation code, all resulting fragments scatter to a single angle defined byθ def , based on the number of nucleons removed plus the angular impulse given to the fragment in the transverse direction. However, for a given number of nucleons removed, fragments will scatter to a range of angles whose mean is the mean deflection angle. To better simulate experimental conditions, a distribution of scattering angles whose average isθ def has been considered, including Rutherford, Fermi, and step function distributions. The Rutherford distribution describes classical elastic scattering and is strongly peaked at 0
• . This distribution was problematic because fragmentation reactions are not classical elastic scattering, and the Rutherford distribution is incompatible with a mean angle larger than about 1
• . The step function distribution ranged in angle from zero to twice the mean deflection angle, with the functional form shown below:
Even though the mean isθ def , the angular distribution is non-physical. In particular, the maximum number of fragments did not occur at 0
• as observed in experiment. The Fermi distribution (i.e. a Woods-Saxon shape) has the form
where a = 0.5, θ def is the scattering angle and the value of x is varied to make the mean of the distribution equal to the mean deflection angle. The correct mean for the distribution could only be achieved with a negative value for x, which is unphysical.
A compromise was made on a straight-line distribution with negative slope. This distribution has the advantage of peaking at 0 • , and by changing the slope, the desired mean deflection angle can be imposed on the distribution. A calculated angular distribution with
• is shown in Fig. 5 . 
Out-of-Plane Scattering
In the original simulation code, projectile-target interactions that occurred only in the x, y plane were considered. However, fragments should interact with the target on the top, the bottom, and all the angles in between, not just on the right or left side of the target in the horizontal x-y plane. Such non-equatorial interactions would decrease the z-component of angular momentum in the equatorial (reaction) plane, as shown in Fig. 6 . The primed frame represents non-equatorial scattering and can be represented as a rotation of the coordinate system about the y-axis through the angle β.
The resulting z-component of angular momentum for the non-equatorial scattering is
where L x is the component of angular momentum projected on the x axis and β is the rotation angle. In theory, β can range from −π/2 to +π/2, since the projectile interaction can occur anywhere in the yz plane. Integrating all possible contributions from the out-of-plane acceptance, and including a 1/π normalization factor from the interval of integration gives
Experimental devices have a limited angular acceptance, and thus the range on β will be smaller than −π/2 to +π/2. Fig. 7 shows a schematic of the beam view of an angular acceptance of 2.0 • ±0.5
• horizontally and ±2
• vertically. The out-of-plane acceptance of
±2
• limits the range on β to -53
• to +53
• for this case. Equation 6 with these limits of integration and a re-normalization of 106
• rather than 180
• gives L ′ z = 0.86L z . As the acceptance window moves further from the beam axis, the range on the angle β will decrease.
This causes the value of L ′ z to approach that of L z . Various example acceptance windows, β angles (i.e. ranges on β) and the resulting corrections for L z in terms of L ′ z are listed in Table I . A vertical acceptance of ±2
• is assumed in all cases, common in most fragment separators.
A factor of 2/π has been included in the simulation code as a multiplicative factor on the polarization. As shown in Table I , different angular acceptance windows could slightly increase this value. 
γ-ray Deorientation
The fragmentation process will often leave the projectile-like product in an excited state.
One pathway to remove the excitation energy is through γ-ray emission. Discrete γ rays have been observed in "in-beam" fragmentation studies [16] . Intermediate-energy reactions also populate high-spin isomeric states, whose depopulation can be readily followed in the absence of the prompt radiation background [17] . γ rays emitted from a spin polarized nucleus can reduce the magnitude of the polarization. Such a deorientation process was not previously considered. γ-ray deorientation was included in the simulation code by assuming a statistical cascade through a continuum of levels following a prescription similar to that of Leander [18] . A nuclear level density is specified by a constant temperature level-density formula [19] . For each γ ray, the transition energy, multipolarity (E1, E2, or M1), and spin change are determined by random numbers. The deorientation coefficients U k [20] Deorientation coefficients were calculated for the fragmentation reactions involving twonucleon removal reported in Ref. [10] , as well as the nucleon pickup reactions reported in
Refs. [12] and [13] . The values are presented in Table II and cascade multiplicity (∼ 3) were reasonable based on in-beam spectroscopy of light fragmentation products [16] . is not selective, the effect of the change in the sign of the polarization for decays through excited spin 1/2 states is not expected to be prominent in most cases.
Low-lying spin 0 states also have the potential to greatly diminsh the net polarization.
For example, in 16 N, which has a 2 − ground state, the first-excited state at 120 keV is a 0 − state. Any population that passes through this state will lose its orientation. However, in 16 N there are 3 − and 1 − states at 298 and 397 keV, respectively, which will compete with the 0 − state for population as a result of the reaction, and ameliorate the overall polarization loss.
Thus although specific nuclear level sequences at low spin are important, especially in weakly bound systems with very few excited states, as a first estimate of the magnitude of the effect it seems appropriate to model the deorientation in a generic way by assuming a statistical cascade through a continuum of levels using a Monte-Carlo simulation as described above.
Nucleon Pickup
The simulation code has been modified to include nucleon pickup, independent of the efforts reported in Ref. [13] . The pickup process follows the observations of Souliotis et al. [12] , in that the picked-up nucleon has an average momentum equal to the Fermi mo- shift of the centroid below the momentum/nucleon of the beam, as observed in Ref. [12] , in contrast to those for nucleon removal products. The simulated position of the centroid agrees with the calculation of Ref. [12] , where a simple model based on momentum conservation was used (see Fig. 8 ).
The width of the momentum distribution is observed experimentally to be small (around 20 MeV/c), while it is calculated to be zero, based on the equation by Goldhaber [21] , and extended to nucleon pickup:
where A P F = A F − ∆A t is the mass of the projectile part of the final product and ∆A t is the Eq. 7 assumes that the nucleon is picked up from the target with a fixed momentum and direction, and the picked up nucleon makes no contribution to the width. Thus, for any pure nucleon pickup process, A P = A P F and the parallel width is zero. In order to model experimental observations of Ref. [12] , a parallel width of 20 MeV/c was used. In addition to the parallel width, Van Bibber et al. [22] showed that in heavy-fragment studies in the 100 MeV/nucleon region, the projectile is subject to an orbital deflection due to its interaction with the target nucleus before fragmentation takes place. The orbital deflection gives an additional dispersion of the transverse momentum, as demonstrated in the expression:
where the first term was defined previously, and the second term contains σ 2 2 , the variance of the transverse momentum of the projectile at the time of fragmentation (200 MeV/c as used in Ref. [22] ). A comparison of the simulated momentum distribution is shown in Fig.   8 with the data taken from Ref. [12] . 
Optical Potential
The real part of the optical model potential for the nucleus-nucleus interaction, V 0 , is a required input parameter for the mean deflection angle calculation. For a single interaction, the deflection angle θ (see Fig. 9 ) is given by
where b is the impact parameter, r is the distance between the centers of the two objects, U(r) is the potential governing the interaction of the two objects, r min is the separation between the centers of the two point-like objects at the distance of closest approach and the energy, E, is given by
where v ∞ is the velocity of the projectile at r = ∞ [23] .
The projectile is assumed to move away from the target after the scattering event with momentum equal to the incident momentum, thus E(v ∞ ) = E(v incident ). This formula is general for any spherically symmetric potential.
The potential U(r) is defined by
The Coulomb part of the potential is repulsive and is equal to
where Z p and Z t are the charges on the projectile and target respectively, and r is the separation in fm. The nuclear part of the potential is based on the real part of the optical model [24] , and is attractive:
Here V 0 is the depth of the optical model potential, R = 1.2( In the reactions studied in Ref. [10] , V 0 was calculated by the authors, and the correspondingθ def was reported in the literature. The reportedθ def (given in Table III ) was used in the polarization calculations to follow.
For the nucleon pickup reactions, V 0 was determined with a folding model calculation [25] . The model was chosen because it reproduces experimental scattering data for heavy ions in the energy range of interest. The folding calculation yields the real part of the optical potential (V 0 ) as a function of the internuclear radius, the distance between the center of the projectile and target. The internuclear radius is calculated in the simulation code, based on the relations by Gosset et al. [15] , as mentioned previously. The value of V 0 corresponding to a radius for one nucleon overlap was used in the nucleon pickup reactions. Given in Table   III are theθ def and V 0 for the reactions studied in the present work.
Results

Comparison of the spin polarization measurements for intermediate-energy reactions that
include two-nucleon removal in Ref. [10] with the simulation results that include considerations for angular distributions, out-of-plane scattering, and γ-ray deorientation, are pre-sented in Fig. 10 . No scaling factor was used to adjust the simulated spin polarization.
The predicted polarization trend as a function of outgoing fragment momentum for a three-nucleon removal case is shown in Figure 11 . The simulation results for the one nucleon pickup processes are shown in Fig. 12 and 13.
Angular distributions, out-of-plane scattering, and γ-ray deorientation were implemented in the nucleon pickup process as well. In the momentum distribution calculations discussed previously, Souliotis et al. [12] used the "typical" Fermi momentum of 230 MeV/c. In order for the simulation to encompass a range of targets, the Fermi momentum was taken not as 230 MeV/c, but was calculated based on data taken from Moniz et al. [26] . The Fermi momentum ranges from 170 MeV/c for the lightest targets to 260 MeV/c for heavier targets.
The results of the simulation for proton pickup are shown in Fig. 12 , calculated for the one proton pickup reaction, 9 Be( 36 Ar, 37 K)X, first observed by Groh et al. [11] . The momentum matching conditions [27] for simple surface-to-surface pickup are best met for the two data points on the high momentum side of the yield distribution, where the simulation agrees with the data. On the low momentum side of the peak of the yield curve, the picked-up nucleon has a momentum less than the Fermi momentum, and the momentum matching therefore required to describe the polarization on the low momentum side [11] . The simulation code was also used to model the neutron pickup data obtained in Ref. [13] , as shown in Fig. 13 . Again, no scaling factor was required to achieve a better quantitative agreement with experiment. projectiles are allowed to interact on either side of the target. The real part of the optical potential, V 0 , is obtained with a folding model calculation and then used in the calculation of the mean deflection angle,θ def . Fragments are permitted to scatter to a distribution of deflection angles rather than a single mean angle, and the out of reaction plane acceptance has been taken into account. The process of de-orientation due to γ-ray relaxation is also included. The angular distribution implementation reduces the calculated polarization magnitude by about 10% and the out-of-plane acceptance reduces the polarization magnitude by about 40%. The calculated polarization magnitude is corrected by about 50% due to γ-ray de-orientation. These corrections account for the 0.25 scaling factor needed by both Ref. [10] and Ref. [13] in their simulations.
It should be noted that the corrections are approximations. A primitive function is used to calculate the distribution of deflections angles, and no attempt was made to rigorously reproduce the scattering angles observed in fragmentation reactions. The out-of-plane scat-tering correction is implemented as a constant multiplicative factor based on the expected acceptances of typical fragment separators. The deorientation correction due to γ-ray relaxation is calculated in a statistical manner considering average excitation energy and entry spin. Even within these limitations, the magnitude with which the corrections are shown to improve the results indicate that these are important contributions to consider in the simulation of polarization in intermediate-energy reactions.
